Background: Microorganisms are the most proficient decomposers in nature, using secreted enzymes in the hydrolysis of lignocellulose. As such, they present the most abundant source for discovery of new enzymes. Acremonium alcalophilum is the only known cellulolytic fungus that thrives in alkaline conditions and can be cultured readily in the laboratory. Its optimal conditions for growth are 30°C and pH 9.0-9.2. The genome sequence of Acremonium alcalophilum has revealed a large number of genes encoding biomass-degrading enzymes. Among these enzymes, lipases are interesting because of several industrial applications including biofuels, detergent, food processing and textile industries.
Background
Acremonium alcalophilum is a rare cellulolytic fungus that thrives in alkaline environments and can be readily cultured in the laboratory. Isolated from composted pig manure, it grows optimally at 30°C and a pH 9.0-9.2 [1] . Recently, the genome of A. alcalophilum was sequenced (http://genome.jgi-psf.org/Acral2/Acral2.home.html), providing a rich genetic resource for the identification of enzymes that potentially function under alkaline conditions. Lipases (EC 3.1.1.3) are one of the most versatile enzyme classes. They are known to have a number of unique characteristics such as substrate specificity, region-specificity, and chiral selectivity [2] . These enzymes belong to a group defined as carboxylesterases that catalyze the hydrolysis of long and short chain acyl esters [3, 4] . Due to their versatility, the use of lipases as biocatalysts has enormous potential to reduce energy requirements and environmental problems in diverse industries. One example is in the detergent industry where fat stains are difficult to remove at low temperatures. By adding lipases that are active at lower temperatures in detergent formulations, energy consumption is reduced as well as the wear and tear of textile fibers. As biocatalysts, lipases could also replace synthetic detergents, which can cause environmental problems such as eutrophication [5] . These advantages have been explored by several other industries including the textile, food, pulp and paper, fat and oleochemical, pharmaceutical and more recently biofuel industries [6] . With the myriad of potential applications, new expression technologies are needed to meet the anticipated demand and lower the cost of lipase production.
Although lipases are known to occur in a diversity of organisms, including animals, plants and microbes, the current industrial production of these enzymes relies almost exclusively on microbial-based expression systems. Filamentous fungi such as Aspergillus niger and Trichoderma reesei are the workhorses of industry for the production of extracellular enzymes. However, fungi can hyperglycosylate recombinant proteins resulting in reduced activity [7] . An alternative approach is to use plants as bioreactors, transferring the corresponding genes from microorganisms into plants and producing them at economically acceptable levels [8] . Plants offer several advantages over microbes as an alternative expression system for enzymes. These bioreactors utilize sunlight as source of energy and sequester CO 2 during photosynthesis. Furthermore, they can undertake posttranslational modification of enzymes such as glycosylation or formation of disulfide bridges, alterations that are often essential for enzyme stability and sustained activity.
To expand our knowledge of lipases with industrial potential and to develop a new production system, we used heterologous expression in tobacco to produce and characterize a lipase from Acremonium alcalophilum. We analyzed the enzyme's yields, post-translational modification and determined its biochemical characteristics.
Results

Identification of the Acremonium alcalophilum lipase
With the recent genome sequencing of the alkaliphilic fungus Acremonium alcalophilum, over 200 genes encoding biomass-degrading enzymes were identified. Analysis in silico of the genome revealed a hypothetical protein (protein ID 1062717 of the A. alcalophilum v2.0 database) exhibiting a lipase_3 domain (IPR002921) and weak sequence identity with biochemically characterized fungal proteins. For example, pairwise amino acid sequence alignment using ClustalW2 (www.ebi.ac.uk) revealed 25% identity to the triglyceride lipase of Aspergillus niger (Accession no. DQ680030, [9] ), 24% identity to the lipase of Thermomyces lanuginosus (Accession no. O59952, [10] ), and 23% identity to the characterized A. niger feruloyl esterase (Accession no. O42807.1, [11] ) (Figure 1 ). Therefore, this novel enzyme was provisionally designated LipA. However, LipA displays some sequence similarity to uncharacterized enzymes such as 57 and 61% identity to the putative lipases of Glomerella graminicola M1.001 (Accession no. EFQ29359.1), and Verticillium dahliae VdLs.17 (Accession no. EGY21687.1) respectively, and 40% identity to the putative feruloyl esterases of Trichophyton equinum CBS 127.97 (Accession no.EGE08976.1) and Arthroderma otae CBS 113480 (Accession no. XP 002843470.1). Taking into consideration the low sequence similarity to two different enzyme activities, and that sequence-based analysis only provides a presumptive compositional and functional blueprint of the gene analyzed, which in some cases may lead to erroneous assignment of substrate specificity [2] , we assessed LipA for both lipase and carbohydrate esterase activity.
Molecular analysis of plant-made LipA
The open-reading frame of the gene encoding LipA is 1128 bp long and encodes a protein of 376 amino acids, with a calculated molecular mass of 41.4 kDa. The deduced amino acid sequence contains one putative N-glycosylation site, suggesting that glycosylation could be important for enzyme functionality.
To characterize LipA properties, we attempted to over-express the lipA gene in A. niger, and in the plant Nicotiana benthamiana. We were unsuccessful in obtaining LipA expression in A. niger (data not shown), but obtained high expression in N. benthamiana in transient co-expression of the lipA gene (Figure 2 ) with the suppressor of posttranscriptional gene silencing p19 [12] . Crude extracts as well as C-myc purified proteins from pooled samples from five different plants were resolved by SDS-PAGE and GelCode™ Blue staining and were confirmed by western blot analysis with monoclonal antibodies against the fused C-myc tag. This analysis showed that the plant-produced LipA protein has a molecular mass of about 56 kDa (Figure 3a and b) . The observed band was larger than the predicted theoretical molecular weight of 46 kDa as the tags add about 5 kDa to the 41 kDa protein. As LipA has a putative Nglycosylation site, a deglycosylation experiment was performed by digesting LipA with N-glycosidase F (PNGase F). This led to a small downshift in the band size ( Figure 4) . However, even with deglycosylation, the molecular mass (46 kDa) predicted from the cDNA was substantially lower than that determined by SDS-PAGE. Since intrinsic charge can lead to anomalous migration on SDS-PAGE [13] , this difference may reflect the acidic nature of LipA protein, which has an estimated pI of 4.9.
Based on densitometry analysis of western blot results, LipA accumulated to 9.3% of total soluble protein (TSP) ( Figure 3B ) which corresponds to approximately 2 g of enzyme per Kg of fresh leaf weight. LipA accumulation in our experiments was higher than most in plantaexpressed glycosyl hydrolases described in the literature [14] . Although a few exceptions with higher expression levels have been described [14] , to our knowledge, this is the first time an enzyme with the characteristics presented here has been produced in plants at such high levels.
Effects of pH and temperature on recombinant LipA activity
As the goal of this study was to identify and characterize alkaliphilic enzymes for potential application in industrial processes, temperature and pH optima are important characteristics for the efficient usage of this enzyme. Purified plant-produced LipA was used to study the effect of pH and temperature using p-nitrophenyl caprylate as substrate. The optimal pH of purified LipA under the standard assay conditions was found to be pH 8.0 (Figure 5a ). The enzyme showed maximum lipase activity at 40°C with broad thermostability ranging from 20 C to 50°C (Figure 5b ).
Substrate specificity of LipA esterase
As the gene of interest possessed a sequence similar to that of other genes coding for lipases and feruloyl esterases we evaluated the specificity/preference of LipA for a variety of fatty acid and hydroxycinnamate ester substrates. To investigate the substrate specificity of LipA, the hydrolyzing activity of the purified enzyme was determined at its pH and temperature optima of pH 8.0 and 40°C, respectively. The substrates analyzed included pNP esters of various carbon chain lengths, methyl cinnamates and the acetylated compounds oat spelt xylan and xylose tetra-acetate. As shown in Figure 6 , LipA exhibited low specificity preference towards short chain pNP ester (C 2 ) and intermediate activity towards long-chain pNP esters (C 14 and C 16 ). Although lipases are capable of hydrolyzing long chain fatty acid esters, some lipases have maximum activity towards medium or shorter acyl groups. LipA had a clear preference for medium chain fatty acid ester (pNP caprylate, C8) ( Figure 6 ) demonstrating substrate specificity similar to that obtained with other lipases from microorganisms such as Bacillus stearothermophilus L1 [15] and Aeromonas sp. LPB 4 [16] . The enzyme showed a very broad activity toward pNP esters with the exception of pNP arabinopyranoside, pNP arabinofuranoside and pNP xylopyranoside (Table 1) , illustrating its specificity towards the hydrolysis of acyl esters but no activity towards aromatic residues. No activity was found towards methyl cinnamate suggesting that this enzyme has no hydroxycinnamoyl esterase properties ( Table 1) . The kinetic analysis of LipA was determined in 100 mM phosphate buffer (pH 8.0) at 40°C over a concentration range of 0.1 to 1 mM of pNP substrates. LipA showed lower affinity towards short fatty acid esters (pNP acetate, K m 0.15 mM) and as expected, higher affinity was observed for esters with medium and long carbon chain (Table 2 ). Although the results using pNP substrates indicate that LipA has a higher activity towards medium chain fatty acid esters (Figure 6 ), LipA demonstrated acetylxylan esterase activity against xylose tetra-acetate (58 U/mg, Table 1 ) that was similar or higher than the acetylxylan esterase of Bacillus purmilus (37 U/mg) [17] and Fibrobacter succinogenes Axe6A (11.4 U/mg) and Axe6B (1.3 U/mg) [18] . LipA also showed similar or higher specific activity against acetylated xylan (14 U/mg, Table 1 ) when compared with acetylxylan esterases of bacterial species: S. flavogriseus 45-CD (12 U/mg) and S. olivochromogenes (17 U/mg) [19] , and Thermotoga maritime AxeA (0.7 U/mg) [20] .
Discussion
The quest for new microbial lipases and more costeffective ways to produce them has received increasing attention because of their potential use as industrial biocatalysts in diverse sectors. With the explosion of genomics, the number of sequenced genes encoding enzymes has increased 14 fold in eight years. However, when compared with the number of enzymes that have been biochemically characterized during the same period, this number has increased only around 3% [21] . Through analysing the genome of the recently sequenced alkaliphilic fungus Acremonium alcalophilum, we identified a putative lipase, lipA. Lipases belong to a group of enzymes defined as carboxylesterases. This group of enzymes is well known for its activity towards substrates with a range of different sizes of carbon chains and although non-specific esterases are more active on short acyl chain esters, lipases have the capability to catalyze the hydrolysis of carboxylic ester bonds of water-insoluble long chains including natural fat [4] .
To characterize lipA, the heterologous production of LipA was tested in A. niger and transient expression in N. benthamiana. Attempts to produce LipA in A. niger were unsuccessful. While A. niger is known to be one of the most potent producers of extracellular enzymes, its ability to produce heterologous proteins is limited. The high level of proteases in the extracellular fluids can negatively impact the production of heterologous proteins [22] . Also, A. niger is a producer of organic acids at the industrial scale and prefers to grow in an acidic environment. Almost all extracellular enzymes of A. niger are active in acidic pH [23] . It is possible A. niger does not provide a suitable environment to produce enzymes that are active in neutral and alkaline pH, owing to differences in protein folding and/or sensitivity to proteases. Nicotiana benthamiana, on the other hand, accumulated high levels of LipA, possibly because the enzyme was retained in the ER where conditions are conducive for proper folding, and the pH is in the neutral range [24] , enabling accumulation, purification and characterization of the enzyme. These characteristics of plants for the production of heterologous enzymes from organisms that thrive in neutral or high pH might prove extremely useful in future production efforts.
The use of plants as bioreactors has gained increasing interest in the past few years as they offer several advantages over other heterologous systems, including low cost biomass production, considerable scale up potential and the ability to undertake complex post-translational modifications that are essential for the stabilization and/ or functionality of some proteins [25] . Our results confirm the usefulness of plants as bioreactors for the production of eukaryotic proteins. Moreover, even though the simplicity of culturing and genetic engineering of Escherichia coli makes it a preferable choice as an expression system for screening of candidate proteins, the lack of posttranslational modification mechanisms in this host such as glycosylation, protein maturation and limited formation of disulfide bonds, makes it an unsuitable system for large scale glycoprotein production. With that in mind, plant expression systems can play an important role in heterologous expression of proteins that are difficult to express in microbial hosts.
Lipases also have a variety of other biotechnological applications in diverse industrial sectors including the textile, food, pulp and paper, fat and oleochemical, pharmaceutical and in particular, the detergent industry where an estimated 1000 tons of lipases are added to approximately 13 billion tons of detergents each year [5] . The optimal activity at pH 8.0 and broad thermostability (20 to 50°C) of LipA are characteristics highly desirable to the detergent industry, where enzymes are used as additives to detergents at low temperatures and high pH [26] .
Functional analysis of a hypothetical, in silico annotated, protein often will start with known substrates for biochemical enzymatic characterization. Generally, the biochemical characterization of lipases in the literature is analyzed using pNP esters as the substrate [10] . However, lipases are well known for their broad specific activity, and in some cases are active on more than 50 different ester linked substrates [27] , including hydroxycinnamoyl and carbohydrate esters. Biochemical characterization of LipA showed a broad specificity towards pNP esters of various carbon chain lengths including the long-chain pNP palmitate, a typical lipase substrate but also towards acetylated substrates. Since carboxyl and carbohydrate esterases are from the same α/β hydrolase superfamily and most often share the same catalytic domain, the structural analysis and site-directed mutagenesis of LipA should be performed in the future to evaluate the importance of enzyme structure, binding site and catalytic triad on both esterase activities. The hemicellulose and pectin structures of plant cell walls are decorated with a variety of side chains that are attached to their backbone, including acetyl groups. These acetyl groups specifically can represent up to 4.32% of dry weight in a variety of crop species [28] . Deacetylation of aspen wood and wheat straw, with up to 90% acetyl ester removal, has indicated that as the xylan becomes increasingly deacetylated, it becomes 5-7 times more digestible [29] . Thus, the discovery and characterization of enzymes that can facilitate the decomposition of these polysaccharides could improve the viability of the cellulosic ethanol industry. Since the plant-produced LipA showed activity against both acetylated xylan and xylose tetra-acetate, the results obtained in this study indicate that LipA has the potential to be used as a supplement to enzymatic cocktails for the hydrolysis of lignocellulosic biomass.
Synergism between xylanases and acetyl xylan esterases has been reported to dramatically improve the release of sugars from xylan and glucan [30] [31] [32] . Since the acetylxylan esterase activity of LipA was confirmed on oat spelt xylan and xylose tetra-acetate, it is reasonable to suggest that LipA could be used in combination with other xylanases for future development of biological pretreatment for the cellulosic bioproducts industry and should be further investigated. Additionally, considering that the use of plants to produce industrial proteins is projected to have a cost 10-fold lower than microbial based production system, assuming that the foreign protein accumulates to 10% of TSP [33] and that with costsensitive applications, such as biofuels, the possibility of cost reduction to produce a key component for plant cell wall deconstruction may be crucial to make biofuels economically viable, these results represent an important step in making this enzyme commercially available for industrial purposes such as the cellulosic ethanol production.
Conclusions
The results described here show that the Acremonium alcalophilum lipase LipA is a glycoprotein that was efficiently expressed in N. benthamiana. The enzyme is very versatile exhibiting both acetylxylan esterase and lipase activities. Moreover, the LipA purified and characterized here has properties potentially useful for diverse industry sectors and its applications should be further developed.
Methods
Amplification of the lipA gene
The protein sequence of the Acremonium alcalophilum genome v2.0, http://genome.jgi-psf.org/Acral2/Acral2. home.html, was analyzed for extracellular biomassdegrading enzymes. SignalP v3.0, http://www.cbs.dtu.dk, was used to detect the presence of secretory signal peptide and additional protein domains were examined using the integrated protein signature databases and tools at the European Bioinformatics Institute, http:// www.ebi.ac.uk/Tools/pfa/iprscan/. The A. alcalophilum protein with the ID 1062717 was found to possess both a secretory signal peptide and a lipase domain, and we called it LipA (for the first identified lipase from this organism) and its encoding gene as lipA. Complementary DNA was synthesized [34] using RNA prepared from A. alcalophilum strain JCM 7366 cultured in a mixture of alfalfa and barley straw. Gene-specific primers with the Gateway® recombination sequences were used to PCRamplify the lipA gene using synthesized cDNA as template. The forward and reverse primers used were, respectively, 5′-GGGGACAAGTTTGTACAAAAAAGC AGGCTATGTTGGGCTTCGCCTCGCT-3′ and 5′-GG GGACCACTTTGTACAAGAAAGCTGGGTTCAGCC TTCAGCCGATATTG-3′.
Plant expression vectors
The amplified lipA gene was cloned into the Gateway® donor vector pDONR/Zeo™ (Invitrogen, Carlsbad, USA) and the integrity of the construct was validated by sequence analysis. Using the Gateway cloning system, the lipA gene was subsequently subcloned into the pCaMGate-ER plant binary expression vector (Conley et al., in preparation), a variation of pCaMterX [35] , a binary vector that places the gene of interest under control of the double-enhanced cauliflower mosaic virus 35S promoter [36] and the nopaline synthase (nos) terminator [37] . The pCamGate-ER vector harbors the tCUP translation enhancer [38] , the Pr1b secretory signal peptide from Nicotiana benthamiana [39] and Xpress™ tag, attR1, followed by the ccdB gene, attR2, C-Myc detection/purification tag, and a KDEL ERretrieval signal (Figure 2 ).
Protein production in N. benthamiana leaves and total soluble protein extraction A suspension of Agrobacterium tumefaciens strain EHA105 carrying the expression construct was mixed with an equal amount of Agrobacterium culture containing the suppressor of post-transcriptional gene silencing p19 from cymbidium ringspot virus (CymRSV) [12] . The suspension was co-infiltrated into leaves of 5-6 week old N. benthamiana plants through the stomata of abaxial leaf epidermis using a syringe [40] . Infiltrated plants were maintained in a controlled growth chamber for 4 days at 22°C, with a 16 h photoperiod. Five leaf disks (7 mm) from infiltrated tissue were collected and ground in liquid nitrogen using 2.3 mm ceramic beads (BioSpec Products, 11079125z, Bartlesville, USA) in a TissueLyser (Qiagen®). Total soluble protein was extracted from the ground tissue in ice-cold phosphatesaline buffer (PBS), pH 7.4 supplemented with 0.1% Tween-20, 2% PVPP (polyvinyl polypyrrolidone), 1 mM EDTA (ethylenediaminetetraacetic acid), 100 mM sodium acorbate, 1 mM PMSF (phenylmethylsulfonyl fluoride) and 1 μg/ml leupeptin. Protein extraction from a control plant infiltrated only with p19 as a negative control was also performed under similar conditions. Total soluble protein (TSP) concentration was determined using the Bradford assay [41] with bovine serum albumin as standard.
Determination of molecular mass and quantification of LipA protein production levels
The molecular mass of the enzyme was determined by gel electrophoresis. Plant protein extract was separated by sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (10%) and transferred to PVDF membrane. To detect the recombinant protein the membrane was incubated with primary mouse anti-C-myc monoclonal antibody (Genscript, A00864, Piscataway, USA). The primary antibody was detected with HRP-conjugated goat antimouse IgG antibody (Bio-Rad, 170-6516, Hercules, USA) and visualized using the ECL detection kit (GE healthcare, Mississauga, Canada) and autoradiography as described by the manufacturer.
Western blots were analyzed using image densitometry with TotalLab TL100 software (Nonlinear Dynamics, Durhan, USA). Intensities were determined by comparison with known amounts of a synthetic positive control protein containing a cellulose-binding domain and a Cmyc tag (synthesized by Genscript, Piscataway, USA).
Samples were also analyzed by staining SDS-PAGE gels with Gel-Code Blue reagent (PIERCE, 24590). The amount of protein was determined by comparing to known amounts of BSA loaded on the same gel, using image densitometry with TotalLab TL100 software (Nonlinear Dynamics, Durhan, USA).
Protein purification
Total soluble protein was extracted from plants producing LipA four days post infiltration (dpi) as described above and purified by affinity chromatography using a cMyc tagged Protein MILD PURIFICATION KIT (MBL, 3305, Woburn, USA) according to the manufacturer's instructions.
Deglycosylation analysis
Enzymatic deglycosylation of transiently produced LipA was carried out on purified protein using PNGase F (Sigma-Aldrich, G5166, St. Louis, USA) according to the manufacturer's instructions. PNGaseF cleaves all highmannose, hybrid, and complex-type oligosaccharides from N-linked glycoproteins, except for those glycans containing a core α(1,3)-linked fucose residue. The digestion was carried out at 37°C for 3 h followed by SDS-PAGE analysis under reducing conditions and westernblot analysis with anti-C-myc antibody. Control samples were treated the same, except that no PNGase F was added.
Enzyme assays
LipA activity was determined by measuring pnitrophenol (pNP) release from p-nitrophenyl caprylate [42, 43] . The reaction was carried out in 96 well flat bottom microplates using 1 mM p-nitrophenol ester substrate in 100 mM phosphate buffer pH 8.0 incubated at 40°C for 30 min. Purified enzyme was added to the reaction and samples were kept in the dark to avoid autohydrolysis of the substrate. p-nitrophenol in 100 mM phosphate buffer was used as the standard and the color intensity was measured at 405 nm in a Synergy HT microtitre plate reader (Biotek, Winooski, VT, USA). One unit of lipase activity was defined as the amount of enzyme releasing 1.0 μmol of p-nitrophenol per minute under assay conditions. The optimum enzyme pH was measured using sodium-acetate (100 mM, pH 4.0-5.0), sodium-phosphate (100 mM, pH 6.0-9.0) and sodium carbonate (100 mM, pH 10.0-11.0) buffers incubated at 40°C for 30 min. The optimum temperature was determined in the range of 20°C to 90°C in 100 mM sodiumphosphate buffer pH 7.0 incubated for 30 min.
Substrate specificity and kinetics analysis
Substrate specificity was measured by incubating the purified lipase with pNP-derived esters of various lengths (pNP acetate, C2; pNP butyrate, C4; pNP caprylate, C8; pNP myristate, C14; pNP palmitate, C16) and measuring the amount of pNP released. One unit of esterase/lipase activity was defined as the amount of enzyme required to release 1 μmol/min at 40°C. To define the enzyme kinetics, specific activity and kinetic constants were measured using the pNP derived ester over eight different substrate concentrations (between 10 μM and 1 mM) to determine the initial reaction rate of the enzyme.
Hydroxycinnamate esters (methyl ferulate, methyl caffeate, methyl p-coumarate and methyl sinapinate) were also evaluated as substrates by measuring the release of the corresponding phenolic acids (ferulic acid, caffeic acid, p-coumaric acid and sinapinic acid). The 150 μl reaction of 0.2 mM substrate in 100 mM sodium phosphate buffer, pH 7.0 was used to measure the absorbance variation at 335 nm in the Synergy HT plate reader (BioTek®, Winooski, VT, USA). The result of LipA reaction against hydroxycinnamate esters substrate was compared against reactions of feruloyl esterase from Anaeromyces mucronatus as positive control under the same conditions.
The liberation of acetic acid from xylose tetra-acetate and oat spelt xylan (Sigma Aldrich, product no. X-0627) was used to quantify acetylxylan esterase activity using the R-Biopharm enzymatic analysis kit (Darmstadt, Germany, Cat no. 10148261035) according to manufacturer's instructions. The assays were performed in sodium phosphate buffer (50 mM, pH 8.0).
